Protozoan parasites of the genus Leishmania are the causative agents of leishmaniasis in humans, which can manifest as hepatosplenomegaly, ulcerative skin lesions, or destructive mucosal inflammation and damage to the mucosal tissues (1, 2) . The parasites cycle between two major forms in two distinct environments, starting out as flagellated extracellular promastigotes in the alimentary tract of the female sand fly and subsequently differentiating into immotile intracellular amastigotes within the phagolysosomes of mammalian macrophages (1) . While cycling between these two forms, parasites encounter two distinct environments to which they must quickly adapt. As extracellular promastigotes, parasites are surrounded by the sugar-rich, slightly alkaline environment of the fly's mid-gut, which has a mean temperature of 26°C. Intracellular amastigotes encounter the sugar-poor, fatty-acid-and amino-acid-rich acidic environment of the phagolysosome at the elevated temperatures of the skin and viscera (3, 4) . To enable molecular insight into Leishmania development, an axenic host-free system that simulates Leishmania differentiation by exposing promastigotes to a lysosome-like environment was developed (5-7). These studies indicated that concomitant exposure to acidic pH levels (usually pH 5.5) and high temperatures (33°C and 37°C for cutaneous and visceral strains, respectively) provides the sig-nals that lead promastigotes to start differentiation into amastigotes, a process that is completed within 5 days (8) .
Time-course analyses carried out in Leishmania donovani indicated that differentiation is a highly regulated and coordinated process. Based on cell morphology, Barak et al. divided differentiation into four phases: phase I (the first 5 h after exposure of promastigotes to the differentiation signal), which is dedicated to signal perception; phase II (5-10 h after signal exposure), during which the parasites cease movement and start to aggregate; phase III (10 -24 h), when cells undergo morphological change into amastigote-shaped cells; and phase IV (24 -120 h), during which the amastigotes undergo maturation (8) . Significant changes in mRNA (9, 10) and protein abundance (11) , as well as in the rate of translation (12) , allow the parasites to adjust to an amastigote lifestyle by re-tooling their energy metabolism from glycolysis to fattyacid-and amino-acid-based catabolism. For example, the transition is accompanied by an increase in protein abundance and activity rates of gluconeogenic enzymes, as it becomes an essential pathway in amastigotes (11, 13, 14) . These biochemical changes are initiated in the middle of the third phase of differentiation, while parasites undergo morphogenesis (15) , and appear mostly regulated by changes in translation rate and/or post-translational processing (10) . Indeed, post-translational modifications occur at all phases of promastigote-to-amastigote differentiation. These include protein glycosylation, methylation, acetylation, and phosphorylation (16) . In contrast, most changes in protein abundance at the beginning of differentiation are regulated by mRNA, and there are a number of transient changes in mRNA and protein abundance (10) .
In yeast, protein phosphorylation is estimated to affect 30% of the proteome and is a major regulatory mechanism that controls many basic cellular processes (17) . Although the Leishmania phosphoproteome has not yet been analyzed to completion, it is reasonable to assume that a similar portion of the proteome is phosphorylated. Interestingly, the majority of phosphoproteins identified to date are differentially regulated between promastigotes and amastigotes, with more phosphorylation in the latter (18 -21) . This supports the notion that protein phosphorylation plays an important role during Leishmania differentiation and is likely controlled by stage-regulated protein kinases and phosphatases.
It is likely that a complex network of phosphorylation and dephosphorylation events constitutes a regulatory pathway controlling Leishmania differentiation. To evaluate protein phosphorylation during differentiation and, in particular, to identify early phosphorylation events that might be part of the signaling pathway that initiates differentiation, we employed quantitative proteomics (iTRAQ 1 ) to determine protein phosphorylation dynamics during axenic L. donovani promastigote-to-amastigote differentiation. These analyses revealed a number of changes in protein phosphorylation as early as phase I, several of which occurred only when promastigotes were exposed to the complete differentiation signal (i.e. 37°C and pH 5.5). This work constitutes the first time-course analysis of the quantitative phosphorylation of Leishmania promastigote-to-amastigote differentiation and identifies the protein kinase pathway that may initiate this process in L. donovani.
EXPERIMENTAL PROCEDURES
L. donovani Cell Culture-A cloned line of L. donovani 1SR was used in all experiments. Promastigotes and amastigotes were grown as described (8) . Promastigote-to-amastigote differentiation in axenic culture was carried out as described by Barak et al. (8) . Briefly, late-log promastigotes were transferred from promastigote medium at 26°C and pH 7.4 to amastigote medium at 37°C, pH 5.5, and 5% CO 2 . Twenty-four hours after the initiation of differentiation, cells were split 1:10 in prewarmed amastigote medium.
Protein Extraction and Phosphopeptide Enrichment-Mid-logarithmic phase promastigotes (1 ϫ 10 7 to 1.5 ϫ 10 7 cells/ml) were washed three times in ice-cold phosphate-buffered saline (PBS) and snap frozen in liquid nitrogen. Differentiating Leishmania at different time points in differentiation and amastigote cell cultures (1 ϫ 10 7 to 1.5 ϫ 10 7 cells/ml) were washed three times in ice-cold Earle's buffer at pH 5.5 and snap frozen in liquid nitrogen. For the signal-specific phosphoproteomic experiment, the culture that was exposed to the full signal (i.e. temperature and pH) and the culture that was exposed to pH 5.5 were washed with ice-cold Earle's buffer at pH 5.5, and the culture that was exposed to 37°C was washed with ice-cold PBS. Both buffers that were used for washes were supplemented with phosphatase inhibitors (5 mM NaF, 5 mM sodium orthovanadate, and 10 mM ␤-glycerophosphate). Frozen cell pellets were lysed and proteins were extracted as in Ref. 18 . Proteins were trypsinized and phosphopeptide enrichment was conducted as in Ref. 18 . The eluant was frozen at Ϫ80°C and lyophilized to dryness.
Relative and Absolute Quantitation (iTRAQ) Tag Labeling-Peptides were resuspended with 0.5 M triethylammonium bicarbonate (TAEB) (pH 8.5). A unique iTRAQ label (4-plex) was added to each sample. Samples were vortexed and centrifuged. The labeling reaction was conducted for 60 min at room temperature (23°C). Four separately labeled samples were pooled and vacuum concentrated to remove the organic solvent component prior to LC-MS/MS analysis.
LC-MS/MS Analysis-iTRAQ-labeled peptides were combined and separated via strong cation exchange HPLC. Strong cation exchange fractions containing peptides were then reduced in volume by a SpeedVac and analyzed via LC-MS/MS. The length of the reverse gradient used was adjusted from 1 to 2 h for fractions containing larger amounts of peptides.
Samples were analyzed by means of reversed-phase nanoflow (300 nl/min) HPLC with nano-electrospray ionization using a quadrupole time-of-flight mass spectrometer (QSTAR Pulsar I, Applied Biosystems) operated in positive ion mode. MS/MS spectra were acquired in a data-dependent manner over the course of three injections and analyses selecting the top two most intense eluting ions in the 400 -1600 m/z range with a 2ϩ to 5ϩ charge state. Following selection for MS/MS analysis, precursor ions were excluded from selection for MS/MS analysis for 180 s. Following the first 2 h of LC-MS/MS analysis, gas phase fractionation was used to increase the total number of identified peptides.
All MS/MS data were analyzed using Protein Pilot 2.0 (Applied Biosystems) (22) . Raw data files were searched against the Leishma-nia infantum proteome in TriTrypDB version 3.3. Peptides with confidence Ͼ 95% were considered for further analysis. Acceptable mass tolerances were 0.6 Da for MS and 0.25 Da for MS/MS. Protein Pilot has these as well as a list of considered post-translational modifications preconfigured in the search settings; therefore, highconfidence results meet these criteria. All of the procedures described above were performed on two independent biological repeats.
Data Processing for the Time Course Experiment-The ratio of the peptide concentration at each time point (relative to promastigotes0h) was calculated as either the average value of the two independent biological repeats or the single value if the peptide was detected in only one experiment. The values presented in the supplemental tables are log 2 -transformed. The data for the signal-specific phosphoproteomic experiment were processed in the same way. Statistical calculations were performed in R.
Cluster Analysis-Log 2 -transformed values for the 163 phosphopeptides detected in all seven time-course samples were imported into MeV (23) and clustered with the Hierarchical Clustering -Support Trees (ST) module by constructing a gene tree with an optimized gene leaf order using Pearson correlation with absolute distance, complete linkage clustering, and 1000 bootstrap experiments. The tree was subsequently cut into eight clusters using a distance threshold of 1.0383358. Clusters were numbered according to the MeV convention. Clusters 4 ϩ 5 and 2 ϩ 6 were manually combined, as described in the text and figure legend.
Function Enrichment Analysis-We manually classified the proteins in 17 functional classes, namely, cell cycle, chaperone, cytoskeleton, degradation, development, DNA/RNA binding, DNA/RNA processing, histone, hypothetical, metabolism, protein kinase, protein phosphatase, ribosomal, signaling, translation, transporter, and other. We did not use Gene Ontology, as the Leishmania proteome is poorly annotated and therefore in most cases the Gene Ontology annotation does not go beyond a basic description of the molecular function of the protein. For each time point, we sorted the proteins according to their phosphorylation values and performed a gene set enrichment analysis (24) .
Initiation of Phosphorylation/Dephosphorylation-To identify the initiation point of phosphorylation (or dephosphorylation), we identified, for each phosphopeptide, the minimum (or maximum for dephosphorylation) and maximum (or minimum) abundance values. The corresponding time points define, respectively, the beginning and end points of the analysis (phosphopeptides that had an absolute value of the maximum (minimum) Ͻ 0.5 were discarded). For each time point j in between, we then calculated two linear regression lines, one from promastigote to j and the other from j to amastigotes. The time point j for which the difference between the arctangent of the two regression lines was maximum (minimum) was then defined as the initiation point of phosphorylation (dephosphorylation) if both regression lines had an R 2 Ն 0.7.
RESULTS

Differentiation Induces Dynamic Changes in Protein
Phosphorylation-In order to understand the kinetics of stagespecific protein phosphorylation during L. donovani promastigote-to-amastigote differentiation (18), we subjected titanium-dioxide-enriched phosphopeptides obtained at 0 (promastigotes), 2.5, 5 (phase I), 10 (phase II), 15 (phase III), 24 , and 120 h (mature amastigotes, phase IV) after exposure to differentiation signal (8) to iTRAQ labeling followed by LC-MS/MS analysis. This analysis identified 708 phosphorylated sites in 572 peptides (corresponding to 282 distinct proteins), and the log 2 -transformed phosphopeptide abundance relative to promastigotes is listed in supplemental Table S1. Of the 572 peptides, 163 (containing 204 phosphorylation sites on 106 different proteins) were detected at all seven time points.
Hierarchical clustering of the relative abundance of these 163 phosphopeptides at all seven time points revealed six distinct kinetic profiles, as illustrated by the heat map and graphs in Figs. 1A and 1B, respectively. The largest group was cluster 8, which contained 58 phosphopeptides (from 47 proteins) that generally showed a ϳ2-to 8-fold increase in abundance beginning 2.5 to 10 h after signal exposure (phases I and II) and continued to increase in abundance at 15 h (phase III) before finally reaching ϳ4-to 16-fold at 120 h (mature amastigotes). Cluster 7 contained 28 phosphopeptides (from 23 proteins) that increased in abundance only late (in phase III or phase IV) to reach 1.5-to 4-fold greater values in amastigotes. Another group, comprising clusters 4 and 5, contained 28 phosphopeptides (from 26 proteins) that generally showed a transient increase of ϳ1.5-to 4-fold in phase I and/or II before returning to (or settling slightly above) promastigote levels at the onset of amastigote maturation (after 24 h). Cluster 3 contained 25 phosphopeptides (from 19 proteins) that remained largely unchanged until 10 h (phase II), when they began to decrease before finally reaching 2-to 4-fold lesser abundance in amastigotes. Another group, comprising clusters 2 and 6, contained 22 phosphopeptides (from 16 proteins) that generally decreased only late (phase IV) during differentiation to finally reach 1.5-to 4-fold reduced levels in amastigotes. Finally, cluster 1 contained three phosphopeptides (from three proteins) that showed transient down-regulation during differentiation, decreasing ϳ2-fold during phases I-III before increasing in phase IV. Not all phosphopeptides followed the consensus pattern described for each group, but the majority (131/163) showed at least a 2-fold change in abundance during the differentiation process. In addition, we detected another 225 phosphopeptides with Ͼ2-fold change in abundance during differentiation, but for which we lacked iTRAQ data from all seven time points.
Some of the most interesting patterns described in Fig. 1 are transient changes in phosphopeptide abundance (mostly in clusters 4 ϩ 5 and 1, but also in some of the others), as these proteins are likely to be active (or inactive) only during the differentiation process. Fig. 2A illustrates 16 phosphopeptides that were transiently up-regulated by Ͼ2-fold during differentiation. Most of the peptides showed increased phosphorylation, beginning in phase I or II, which returned to promastigote levels during phase IV. The major exception was phosphorylation of S 344 of LinJ.35.4450 (a conserved hypothetical protein), which showed an increase only at phase III. The abundance of the pS 221 -containing phosphopeptide from LinJ.15.0370 (a putative ecotin) transiently increased by ϳ6-fold in phases I and II but subsequently decreased to only ϳ2-fold of promastigote levels in phase III and mature amas-tigotes ( Fig. 2A) . Thus, it is likely that this protein is not phosphorylated in promastigotes and the differentiation signal specifically triggers phosphorylation of S 221 . Our analysis also detected a transient increase in two phosphopeptides from LinJ.27.1300 (60S acidic ribosomal protein P0), with phosphorylation of S 288 and S 302 increasing ϳ2-fold during phase I and then gradually decreasing during phases II-IV, until the levels in mature amastigotes were ϳ3-to 5-fold lower than those in promastigotes ( Fig. 2A) . A phosphopeptide containing pS 157 from LinJ.1040 (ribosomal protein S10) showed a similar (but only ϳ1.5-fold) transient increase in phosphorylation during phases I and II before the decreasing to ϳ2-fold below promastigote levels (see supplemental Table S1 ). These changes are in agreement with the previous observation (10) that protein synthesis is transiently up-regulated early in promastigote-to-amastigote differentiation, but the translation machinery is ultimately down-regulated in amastigotes.
Our analysis also indicated that the abundance of the phosphopeptide from LinJ.05.0140 (a putative nucleolar RNA helicase) containing pS 24 transiently increased by ϳ2-fold in phase I before gradually returning to promastigote levels in mature amastigotes ( Fig. 2A) . In addition, we observed a transient (ϳ2.6-fold) increase in phosphorylation of T 216 of LinJ.33.0360 (HSP83-1) during phases I and II, before phosphorylation returned to promastigote levels in phase IV. The remaining proteins demonstrating transient up-regulation of phosphorylation have unknown functions, suggesting that a number of Leishmania-or trypansomatid-specific proteins play important roles in differentiation.
Four phosphopeptides showed a transient decrease in abundance of Ͼ2-fold during differentiation. The most interesting was the phosphopeptide containing pS 342 ϩpT 346 from LinJ.34.2680 (regulatory subunit of protein kinase a-like protein), which showed a 4-fold decrease by 10 h before increasing to ϳ2-fold below promastigote levels in mature amastigotes (Fig. 2B) . Three phosphopeptides from LinJ.36.6110 (hypothetical protein, conserved) all showed a similar (but less dramatic) pattern of transient decrease in first two phases before increasing in latter phases ( Fig. 2B and supplemental Table S1 ). Two other conserved hypothetical proteins (LinJ.19.1150 and LinJ.33.1090) also showed transient dephosphorylation in phases I and II (Fig. 2B) . Interestingly, the abundance of the phosphopeptides from both proteins recovered in phases III and IV, increasing to levels 1.5-to 2.8-fold higher than observed in promastigotes.
Different Phosphorylation Patterns on Proteins with Multiple Sites-In a previous study of the Leishmania phosphoproteome (18), we observed that many proteins contain more than one phosphorylation site, and that these sites can be distinctly and differentially phosphorylated between life stages. Therefore, here we compared the dynamics of abundance changes for different phosphopeptides from the same protein during promastigote-to-amastigote differentiation. Of the 106 proteins for which we had data from all seven time points, 33 were represented by at least two distinct phosphopeptides, and in most cases these demonstrated different kinetics for abundance changes. Of the 24 proteins with two distinct phosphorylation sites, 13 had phosphopeptides in different clusters (Fig. 3) , meaning that their phosphorylation kinetics were different. Similarly, of five proteins with three sites, in only one case (LinJ.27.1300) were all three phosphopeptides found in the same cluster, and none of the proteins with more than three sites contained all the phosphopeptides in the same cluster (Fig. 3) . These kinetic trends likely indicate phosphorylation of different regulatory domains by distinct protein kinases. As an example, the N terminus of the putative nucleolar RNA helicase (LinJ.05.0140) contains two distinct phosphorylation sites (S 23 and S 24 ). As indicated above ( Fig.  2A) , the pS 24 -containing phosphopeptide was in cluster 4 ( Fig. 1) , transiently increasing in abundance by ϳ2-fold in phase I, before gradually returning to promastigote levels in mature amastigotes. However, the phosphopeptide containing both pS 23 andpS 24 was in cluster 2 and decreased ϳ2-fold in phase IV (see supplemental Table S1 ). These results were confirmed (at early time points) by multiple reaction monitoring (see supplemental Fig. S1A ). Interestingly, multiple sequence alignment of LinJ.05.0140 orthologs revealed that the N-terminal 30 amino acids containing these phosphorylation sites are absent in other organisms (including Trypanosoma species) (supplemental Fig. S1B ), suggesting a Leishmania-specific function for phosphorylation. We also observed a transient (ϳ2.6-fold) increase in phosphorylation of T 216 of HSP83-1 (LinJ.33.0360) during phases I and II (cluster 4) before phosphorylation returned to promastigote levels in phase IV (see Fig. 2A ), whereas increased phosphorylation of S 526 reached a peak of ϳ5-fold in phase III and remained elevated throughout differentiation into amastigotes (cluster 8 and supplemental Table S1 ).
Functional Classification of Phosphoproteins-Analysis of the phosphopeptides showing abundance changes during promastigote-to-amastigote differentiation revealed several classes of proteins that were enriched for phosphorylation changes (either up or down) at different time points (Table I) . For instance, ribosomal components and transporters were enriched for dephosphorylation at 5, 10, 24, and 120 h, and translation machinery (other than ribosomal components) was enriched for phosphorylation at 15 h. Metabolic enzymes showed enrichment for increased abundance of phosphorylation at 10 and 120 h, chaperones were enriched at 24 and 120 h, and protein kinases were enriched at 2.5 and 120 h. These observations correlate well with our previous analysis of changes in protein and mRNA abundance (10, 11), suggesting that some changes in phosphopeptide abundance might be due to changes in protein abundance. Nevertheless, whether the changes in phosphopeptide abundance that we measured were due to differences in overall protein abundance or changes in the phosphorylation state of the protein, both serve to change the amount of phosphorylated protein present in the cell.
Signal-specific Phosphorylation in Phase I-In general, an increase in phosphopeptide abundance is more common than a decrease during promastigote-to-amastigote differentiation, primarily initiated in phases I and III (see Fig. 4 and supplemental Fig. S2 ). This is not unexpected, as signal perception occurs during phase I and morphological transition during phase III. In contrast, phases II and IV (which involve movement cessation and amastigote maturation, respectively) are almost exclusively associated with dephosphorylation events (Fig. 4 and supplemental Fig. S2 ). These observations prompted us to further analyze phosphorylation events associated with the two differentiation signals (temperature and pH) at the earliest time point, as this was the closest to signal perception and therefore might identify the proteins initiating the signaling pathway(s). Promastigotes were exposed to 37°C and pH 7 (increased temperature only), 26°C and pH 5.5 (lower pH only), and pH 5.5 and 37°C (complete signal), and changes in phosphopeptide abundance were examined after 2.5 h using the same methodology as for the time-course experiment described above. A total of 355 phosphopeptides were detected in at least one sample (supplemental Table S2 ), with 319 quantified in all three samples. The log 2 fold changes in abundance observed for each of these phosphopeptides are plotted in Fig. 5 , and their variation among the three experimental conditions was assigned to one of the 27 possible patterns shown in Table IIA . These patterns fell into three separate groups: 85 that failed to show Ͼ1.3-fold change under any condition, 77 that responded only to a partial signal (temperature or pH only), and 155 that responded to the full signal (increased temperature and lower pH (Table IIB) . As expected, the vast majority (143/155) of those that responded to the full signal showed an increase in abundance. In contrast, one-third of the 103 phosphopeptides responding to increased temperature only de- "Up" denotes an increase in phosphorylation, and "down" denotes an increase in dephosphorylation. creased in abundance, and about half of the 115 that responded to lower pH only also decreased in abundance.
Remarkably, 78 phosphopeptides responded significantly only in the presence of both signals (of which 74 increased in abundance; Fig. 5 ). The eight proteins demonstrating Ͼ2-fold change in phosphorylation are shown in Fig. 6A . Strikingly, of the eight proteins, one, the putative serine/threonine protein kinase (LinJ.30.3640), increased by more than 3-fold only when exposed to the complete differentiation signal and was completely unaffected by acidic pH or elevated temperature alone. This finding further emphasizes the hypothesis that protein-kinase-mediated signaling pathways initiate differentiation. Two additional proteins that were affected only by the complete signal are involved in translation: LinJ.03.0960 (elongation initiation factor 2 ␣ subunit) and LinJ.27.1300 (60S acidic ribosomal subunit protein P0).
Of the remaining phosphopeptides that changed in abundance after exposure to the full signal, 30 responded solely (or more robustly) to temperature, and 26 mostly to pH; 21 responded to both ( Another serine/threonine-protein kinase (LinJ.25.2450) contained two sites (S 212 and T 381 ) that were phosphorylated by either temperature or pH alone, with an even greater (6-to 13-fold) increase upon exposure to the complete signal (Fig. 6D) .
Possible Signaling Pathways Involved in Promastigote-to-
amastigote Differentiation-The analyses described above identified 12 protein kinases, two protein kinase regulatory subunits, and four protein phosphatases (supplemental Table  S1 ). For nine of these proteins, we have complete (or nearly complete) datasets for at least one phosphorylation site, allowing detailed analysis of the kinetics in response to the temperature and pH signals and during differentiation. Three protein kinases (LinJ.05.0390, LinJ.25.2450, and LinJ.35.1070) and one phosphatase (LinJ.36.2170) were phosphorylated during phase I (largely in response to both temperature and pH signals) and remained phosphorylated in amastigotes (Fig. 7A) . Another kinase (LinJ.12.0016) and phosphatase (LinJ.22.1450) were transiently phosphorylated in phase I (in response to temperature ϩ pH signals) but returned to (or fell below) promastigote levels during phases II and III, as well as in amastigotes (Fig. 7B) .
Many of these signaling-related proteins contain multiple phosphorylation sites. For example, LinJ.35.1070 (a putative protein kinase) contains three sites (pS 13 , pS 378 , and pS 408 ). Both pS 13 and pS 378 showed a ϳ4-fold increase in phosphorylation at 2.5 h that gradually increased to 8-fold in amastigotes (Fig. 7A) . Phosphorylation at pS 408 appeared to increase slightly at 10 h, which is the only time point available. Similarly, all three phosphorylation sites of LinJ.12.0016 (a putative protein kinase) behaved with similar kinetics (although data were limited for S 17 and are not shown in Fig. 7B ). Interestingly, all three sites were very closely clustered (on the same tryptic fragment), but each peptide contained only a single phosphorylated residue, suggesting that this region might be the substrate of several different kinases.
LinJ.34.2680 (a putative regulatory subunit of kinase A found only in Leishmania and T. cruzi genomes) has at least 14 Table S2 ). The values for each phosphopeptide after 2.5 h of exposure to 37°C (red), pH (blue), and both (green) are represented by different positions along the x-axis of the graph. "Full response" indicates a change when exposed to both signals; "partial response" indicates a change when exposed to the temperature or pH signal alone. Changes that occurred in response to only temperature or pH are indicated at the top by "temp" or "pH," "temp & pH" indicates a change in response to both temperature and pH separately, and "tempϩpH" indicates a change in response to only the complete signal (both temperature and pH together).
different phosphorylation sites that demonstrate a considerably more complex phosphorylation profile (Fig. 7C) . T 262 showed a 4-to 6-fold increase in phosphorylation during phase I and remained at this level thereafter, whereas pS 342 and pT 346 were both dephosphorylated (together) by 2-to 4-fold with similar kinetics. In contrast, phosphorylation of S 246 increased by ϳ2-to 3-fold in phases III and IV. Although there are more limited data for the other sites, some hints of their patterns can be gleaned from the time points at which they were measured. S 121 and S 123 appeared to be phosphorylated (separately) in a manner similar to T 262 . Phosphorylation of S 247 was similar to that of S 246 , although the pS 246 ϩpS 247 double phosphopeptide showed no significant change in abundance. Phosphorylation of S 332 was also upregulated in phases III and IV in a manner similar to that of S 246 . However, S 124 was dephosphorylated (at least in stages III and IV) with kinetics similar to those of pS 342 ϩpT 346 , whereas the pS 329 ϩpS 332 phosphopeptide decreased in abundance in parallel with pS 342 ϩpT 346 in phase I. Interestingly, all of these changes in phosphorylation appeared to be in response to the pH signal, although phosphorylation of T 262 may be synergized by elevated temperature. Table S2 and Fig. 5) A, abundance changes were coded as "up" or "down" if they changed by more than 1.34-fold (log 2 Ն 0.42), and each phosphopeptide was manually assigned to 1 of 27 possible patterns. Although the functional significance of these complex and many-fold changes in protein phosphorylation during promastigote-to-amastigote differentiation is not yet fully understood, the substantial number of proteins involved and the variety of their patterns of changes underscore their likely importance. FIG. 6 . A, phosphopeptides that showed >2-fold change in phosphorylation only in response to the full signal. B, phosphopeptides that showed Ͼ2-fold change in phosphorylation in response to the full signal and were also affected by temperature. C, phosphopeptides that showed Ͼ2-fold change in phosphorylation in response to the full signal and were also affected by pH. D, phosphopeptides that showed Ͼ2-fold change in phosphorylation in response to the full signal and were also affected by temperature and pH separately. Values are presented as Log 2 fold change from promastigotes.
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FIG. 7.
A, protein kinases and phosphatase that were phosphorylated during phase I and remained phosphorylated throughout differentiation. B, protein kinases and a phosphatase that were transiently phosphorylated. C, phosphorylation kinetics of different sites in the multiply phosphorylated protein kinase A regulatory subunit like-protein (PKAR'). Values are presented as Log 2 fold change from promastigotes.
DISCUSSION
The host-free system we developed to simulate Leishmania differentiation inside its host has, to date, provided significant insight into the mechanisms of this process. Comparative analysis of genome-wide time-course transcriptomic and proteomic datasets clearly indicated that promastigote-to-amastigote differentiation is a regulated and highly coordinated process. Here, we have provided an additional layer to these analyses by employing iTRAQ affinity tagging to quantitatively analyze changes in phosphopeptide abundance and describing the dynamics of protein phosphorylation during L. donovani differentiation. In a recent study, using shotgun phosphoproteomics, we demonstrated that in axenic L. donovani there is more stage-specific (i.e. in promastigotes or amastigotes exclusively) than constitutive (i.e. in both life stages) protein phosphorylation (18) . In this work, we determined the kinetics of changes that lead to these stage-specific phosphorylation events.
The results revealed that even some proteins that were equally phosphorylated in promastigotes and amastigotes underwent a transient change in phosphorylation abundance during differentiation (i.e. phosphorylation abundance was up-or down-regulated during one or two phases of differentiation). These transient changes in protein phosphorylation add to similar changes in mRNA and protein abundance observed during differentiation (9 -11) . The phenomenon of transient change that occurs at all levels of gene expression is indicative of its significance in Leishmania development inside the host. The factors that regulate these processes are yet unknown, but because Leishmania lack transcriptional regulation of protein-coding genes, we hypothesize that novel mechanisms that control mRNA maturation contribute to these transient changes, together with elements that influence translation and post-translational processes. Preliminary analysis carried out in our laboratory indicated that transient changes in spliced leader RNA abundance during the first two phases of L. donovani differentiation correlate with some of the variations in mRNA abundance. 2 To date, there is no model available for the dynamics of phosphorylation-mediated developmental processes in single-cell eukaryotes, including parasitic protozoa. Two studies have analyzed phosphoproteomes of lower multicellular organisms, nematode larva (25) and barnacle (26) ; both used two-dimensional gel electrophoresis and found interesting stage-specific, as well as constitutive, protein phosphorylation. Similar analyses have been carried out in mammals, with protein phosphorylation dynamics being analyzed during early stages of embryonic stem cell development (27) and in brain nuclear proteins (28) . Other studies in mammalian cells monitored time-dependent changes in protein phosphorylation abundance in response to epidermal growth factor stimulation (29, 30) , observing that for multiply phosphorylated proteins, different sites showed different dynamics trends. As we found similar results during L. donovani differentiation, the existence of proteins that possess many sites with different trends appears global, as it exists from lower to most developed eukaryotes. It also indicates that although different kinases are responsible for the phosphorylation of the different sites, they must be coordinated in order to properly regulate protein function.
An extreme example of a multiply phosphorylated protein identified in the current work is the Leishmania homolog of the regulatory subunit of protein kinase A (LdPKAR', LinJ.34.2680). In mammalian cells, cAMP-dependent PKA has four regulatory subunit isoforms that negatively regulate activity of its catalytic kinase subunit (31) . In African trypanosomes, extracellular parasites that cause African sleeping sickness, PKA activity is independent of cAMP, 3 and their genomes contain only a single regulatory subunit gene (TbPKAR1, Tb11.02.2210). In contrast, the genomes of the intracellular trypanosomatids T. cruzi and Leishmania contain genes that encode for two different regulatory subunit homologs, Linj.13.0160 and Linj.34.2680, of which the former is likely the ortholog of TbPKAR1. Proteins derived from these genes are 30% and 35% identical, respectively, to the corresponding cAMP-dependent PKA-R1 protein in humans. The current study indicates there are at least three different dynamic trends of the phosphorylation in LdPKAR', whereas we observed no phosphorylation of PKAR1. These changes suggest that LdPKAR' likely has a role in differentiation; however, whether it regulates this process via interaction with one (or more) of the catalytic subunits of PKA is still to be investigated. Interestingly, one of the catalytic subunits (LdPKAC3, LinJ.18.1090) was phosphorylated only in response to the complete differentiation signal (see supplemental Table S2 ).
Most interesting are phosphorylation events that occur early in differentiation, especially in protein kinases. These are likely part of the differentiation initiation pathway. Our analysis detected three additional protein kinases (LinJ.05.0390, LinJ.25.2450, and LinJ.35.1070) whose phosphorylation increased markedly in phase I, suggesting they either underwent autophosphorylation in response to a differentiation signal or were phosphorylated by protein kinases further upstream in the differentiation activation pathway.
Also of interest are enzymes that are significantly phosphorylated early in phase I (2.5 h after signal exposure). Most significant were asparagine synthetase (LinJ.26.0790) and heat shock protein DNAJ (LinJ.27.2350). Asparagine synthetase underwent an almost 5-fold increase in phosphorylation of S 226 , and levels remained high throughout differentiation (8-fold in amastigotes). In contrast, the protein abundance of asparagine synthetase started to decrease at 15 h, reaching half the promastigote level in amastigotes (11) . Heat shock protein DNAJ is phosphorylated on S 89 , and phosphorylation of this residue increased by 3.5-fold at 2.5 h, reaching Ͼ22-fold in amastigotes. Such a dramatic increase in phosphorylation abundance indicates that the protein is likely not phosphorylated in promastigotes and that its phosphorylation is initiated after the parasites start to differentiate. In contrast, the abundance of this protein remained unchanged throughout differentiation, showing only a mild decrease in amastigotes (11) . Thus, for both proteins, a net change in protein phosphorylation was observed, suggesting that these changes affect protein function.
An interesting observation was the relationship between phosphorylation activity and differentiation phase. Phases I and III were enriched with protein phosphorylation activity, whereas dephosphorylation activity was more abundant in phases II and IV. These changes correlated with the activity that is typical of each phase. For example, signal perception prepares promastigotes to start differentiating. Cells cease movement and aggregate in phase II. A process of preparation is likely to require a significant amount of change in protein activity, some of which is mediated by phosphorylation and other post-translational modifications.
Importantly, we detected signal-specific phosphorylation for a large number of proteins, including a protein kinase (LinJ.30.3640). Phosphorylation of this protein increased by more than 3-fold only when promastigotes were exposed to the complete differentiation signal (pH 5.5 and 37°C together), and not when the signal was deconvoluted (pH 5.5 or 37°C separately). We hypothesize that this protein kinase has an essential role in the pathway that transduces the differentiation signal.
This work constitutes the first study of the time-course phosphoproteome dynamics of parasitic protozoa. Using a host-free system that simulates intracellular development allowed for major improvement in the attempt to identify the signaling pathway that initiates Leishmania differentiation.
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (http://proteomecentral. proteomexchange.org) via the PRIDE partner repository (32) with the dataset identifier PXD000671.
